ABSTRACT Donor-π-acceptor (D-π-A) organic compounds have drawn keen interests as photosensitizers in dye sensitized solar cells (DSSCs). Recent studies showed that pyridine ring as an electron-withdrawing anchoring group could lead to efficient electron injection. To improve the performance of pyridine containing sensitizers based DSSCs, the electron donor, π-bridge and the whole structure should be well engineered at molecular level. In this work, we prepared two monomer type dithiafulvene based sensitizers both with a pyridine acceptor but differing in the phenyl-thienyl (DTFPy3) and thienyl-phenyl π-bridges (DTFPy4), and two corresponding dimeric congeners D-DTFPy3 and D-DTFPy4, and tested them in DSSCs. It was found that the arrangement of the electron-rich thienyl group adjacent to the electron donor moiety in the π-bridge red-shifted in the absorption, and the dimeric sensitizers exhibited significantly enhanced absorption. Among them, D-DTFPy4 garnered the highest light harvesting efficiency, yielding an overall power conversion efficiency up to 5.26%.
INTRODUCTION
Since the pioneering work on dye sensitized solar cells (DSSCs) by Grätzel and O'Regan in 1991 [1] , many studies have focused on both material development and cell fabrication for improving the cell performance [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Over the past decades, donor-π-acceptor (D-π-A) type organic compounds as photosensitizers have drawn keen interests due to their advantages of high molar extinction coefficients, flexible structure design, low material cost and simple preparation process [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In a typical D-π-A organic sensitizer, cyanoacrylic acid is frequently used both as an electron acceptor and as an anchoring group for attachment to a mesoporous TiO2 surface. The carboxyl group enables a good electron communication between the sensitizer and TiO2 by forming a strong bidentate bridging linkage with Brønsted acid sites on the TiO2 surface [29] [30] [31] [32] [33] [34] . Considering that the formation of coordinate bonds between the lone pair of electrons on the nitrogen atom of the pyridine ring and the Lewis acid sites of the TiO2 surface would enable efficient electron injection arising, various organic sensitizers using pyridine as an electron-withdrawing anchoring group have been prepared and studied in DSSCs [31, [35] [36] [37] [38] [39] [40] [41] .
One of the drawbacks of organic sensitizers with a pyridine anchoring group is their relatively narrow absorption spectrum and low absorption intensity. The optimal organic sensitizer for solar cell applications should possess a broad absorption spectrum in order to produce large photocurrent response [10] . In order to address this issue, organic sensitizers comprising electron donor, π-bridge and molecular structure should be well engineered at molecular level to meet the efficiency. For example, adjusting the π-bridge components in an organic sensitizer molecule can increase the intramolecular charge transfer (ICT) effect, and lead to red-shift of the absorption [42] . In addition, organic sensitizers bearing a monomer D-π-A type structure often afford limited electron extraction. If the light-harvesting units are increased in single sensitizer molecule, the absorption bands may be broadened and the intensity can be increased. Actually, among organic sensitizers using cyanoacrylic acid as acceptor, double D-π-A branched sensitizers with two light-harvesting units have shown improved light response, increased photocurrent compared to its monobranched analogues [43, 44] .
In our previous work, monobranched D-π-A dithiafulvene (DTF) derivatives have shown great potential for high efficient DSSCs, owing to their well-known electron-donating ability, easy synthesis, compact dye adsorption and effective charge separation [45] . However, the strategies to improve the performance of DTF-based organic sensitizers using pyridine as electron-withdrawing anchoring group are still limited. In this work, in order to investigate how to improve the light-harvesting ability of the organic sensitizers, we prepared two monobranched DTF-based sensitizers both with a pyridine anchoring group but differing in the phenyl-thienyl (DTFPy3) and thienyl-phenyl π-bridges (DTFPy4), and, two corresponding dimeric congeners of these two monomers D-DTFPy3 and D-DTFPy4, as shown in Scheme1. By adjusting the electron rich thienyl group adjacent to the DTF donor moiety in the π-bridge, DTFPy4 exhibits absorption red-shifting compared to DTFPy3 with an electron poor phenyl group adjacent to the DTF moiety. Furthermore, after increasing the light-harvesting units, both D-DTFPy3 and D-DTFPy4 show significantly enhanced absorption intensity. Finally, D-DTFPy4 sensitized solar cells exhibit the highest power conversion efficiency (η) of 5.26%, with a short-circuit photocurrent density (Jsc) of 11.7 mA cm −2 , an open-circuit photovoltage (Voc) of 630 mV, and a fill factor (FF) of 0.71, under standard global AM 1.5 solar light condition.
EXPERIMENTAL SECTION

Materials
All solvents and reagents, unless otherwise stated, were of high-purity and used as received. 4-Formylphenylboronic acid, 2-bromothiophene, 4-bromobenzaldehyde, pyridine-4-boronic acid, 5-bromo-2-thiophenecarboxaldehyde, 4-bromophenylboronic acid, triethyl phosphite and Pd(PPh3)4 were purchased from Energy Chemical.
General
NMR spectra (
1 H and 13 C) were recorded at room temperature on Bruker AV 600 MHz spectrometer. Data are listed in parts per million (ppm) on the delta scale (δ) and coupling constants were reported in Hz. The splitting patterns are designated as follows: s (singlet); d (doublet); t (triplet); q (quartet); m (multiplet) and br (broad). Mass spectra measured on Microflex MALDI-TOF MS. UV-vis spectra of dye in solution and loading on TiO2 films were measured with a HITIACH U-3900 spectrometer at room temperature. Photoluminescent (PL) spectra were recorded in a Horiba Fluoromax 4 spectrometer. Cyclic voltammetry (CV) was carried out on a CHI600E Electrochemical Analyzer at a scan rate of 0.1 V s −1 . The oxidation potential of the sensitizer was measured in dimethylformamide (DMF) with TBAPF6 (0.1 mol L −1 ) as electrolyte and glassy carbon as working electrode, Ag/Ag + as reference electrode, Pt as counter electrode. The potential of the reference electrode was calibrated with Fc/Fc + as an internal reference and converted to normal hydrogen electrode (NHE) by addition of 630 mV. Theoretical calculations using density functional theory (DFT) were performed using the Gaussian03 package at the B3LYP/6-31G* level.
Synthesis
Compound HDT (4,5-bis(hexylthio)-1,3-dithiole-2-thione) was synthesized as reported in our previous work [45] .
Compound 1 2-(4-formylphenyl)thiophene. 4-Formylphenylboronic acid (1.62 g, 10.8 mmol) was treated with 2-bromothiophene (1.47 g, 9 mmol) in the presence of Pd(PPh3)4 (326 mg, 282 μmol), 1 mol L −1 aqueous solution of K2CO3 (18 mL) and 1,2-dimethoxyethane (70 mL). The mixture was refluxed for 6 h under nitrogen atmosphere. After cooling down to room temperature, and addition of dichloromethane, the mixture was washed with water and dried on magnesium sulfate. The solvent was removed by rotary evaporation and the residue was purified by silicon gel column chromatography with petroleum ether:ethyl acetate (6:1, v:v) as eluent to afford 1 as a yellow solid (1.02 g, yield 60%). 1 Compound 2 4-(5-bromothiophen-2-yl)benzaldehyde. To a stirred solution of 1 (2.0 g, 10.6 mmol) in 20 mL of tetrahydrofuran (THF) in a 100 mL flask was slowly added N-bromosuccinimide (2.27 g, 12.8 mmol) and acetic acid (20 mL). After the addition, the mixture was stirred at room temperature for 4 h until TLC showed no starting material left. The mixture was washed with water, dried with anhydrous magnesium sulfate, and filtered. The product was obtained after evaporation of the solvent and dried in vacuum to afford 2 as white solid (2.52 g, yield: 88%). 1 
A procedure similar to that for synthesizing compound DTFPy3 was followed but using compound 5 (400 mg, 1.5 mmol) instead of compound 3. After removing the solvent, the residue underwent recrystallization from acetone and gave DTFPy4 as an orange solid (495 mg, yield 56%). Compound D-DTFPy3 4-(5-(4-(1,2-bis(4,5-bis (hexylthio)-1,3-dithiol-2-ylidene)-2-(4-(5-(pyridin-4-yl) thiophen-2-yl) phenyl)ethyl)phenyl)thiophen-2-yl)pyridine. DTFPy3 (500 mg, 0.86 mmol) and iodine (654 mg, 2.57 mmol) were added in dichloromethane (20 mL), and the mixture was stirred at room temperature for 5 h. A saturated aqueous solution of Na2S2O3 was added, and the resulting mixture was stirred at room temperature for another 1 h. The organic layer was separated, washed with H2O, dried over MgSO4. The solvents were removed by rotary evaporation and the residue was purified by silicon gel column chromatography with petroleum ether:ethyl acetate (4:1, v:v) as eluent to afford D-DTFPy3 as a brown semisolid (320 mg, yield 64%). 1 
DSSCs fabrication and photovoltaic measurements
The preparation of DSSCs photoanode and electrolyte followed the previous literature [45] . In cell assembly, the sensitizers were loaded onto the TiO2 (~14 μm thick) film by immersion into its THF solutions (0.2 mmol L −1 dye) without any co-absorbants for 30 h at room temperature. Before drying under vacuum, the films were rinsed with acetonitrile to remove the unabsorbed sensitizers multiple times 
RESULTS AND DISCUSSION
Synthesis
The synthetic routes of monomeric DTFPy3 and DTFPy4, and, dimeric D-DTFPy3 and D-DTFPy4 are depicted in Scheme 1. Bromide aromatic aldehydes 2 and 4 reacted with pyridine-4-boronic acid via Suzuki coupling to give the key intermediate aldehydes 3 and 5, respectively. Compounds 3 and 5 were then subjected to a phosphite-induced Horner-Wittig condensation with thione HDT to produce monomeric DTFPy3 and DTFPy4. With the monomers in hand, iodine-induced oxidative dimerization reactions were undertaken in dichloromethane at room temperature. The crude products of the dimerization reactions D-DTFPy3 and D-DTFPy4 were obtained after a brief reductive aqueous workup with Na2S2O3. Column chromatographic purification then afforded dimeric D-DTFPy3 and D-DTFPy4 as brown semisolid and dark-red solid, respectively. The molecular structures of these compounds were characterized on the basis of 1 H NMR, 13 C NMR and mass spectra.
Optical and electrochemical properties
The UV-Vis absorption spectra of these sensitizers in dilute THF are shown in Fig. 1a and the corresponding spectroscopic parameters extracted are summarized in Table 1 . All of the sensitizers exhibit strong absorption bands in the range of 400-450 nm and weak bands around 300-350 nm. The weak absorption bands are assigned to a more localized aromatic π-π* transition, and the strong absorption bands are attributed to the ICT effect between the donor and acceptor The profiles of the absorption spectra of TiO2 films (4 μm) with these sensitizers loading show dramatically broaden and red-shift absorption relative to their solution spectra, as shown in Fig. 1b . These observations can be related to the formation of J-aggregates of these sensitizers on the TiO2 surfaces. The broadened absorption band and the red-shifted absorption onset on the thin film afford increased light harvesting. Especially, D-DTFPy4 possesses the broadest light response range among the four sensitizers, and thus is expected to yield improved performance for DSSCs.
The molecular orbital energy levels of the sensitizers were derived from CV (Fig. S1 ) in combination with the excitation transition energies (E0−0) determined by the intersection of absorption and photoluminescence spectra (Fig. S2) , and are presented in Table 1 . The first oxidation potentials (Eox) of the ground state of DTFPy3, DTFPy4, D-DTFPy3 and D-DTFPy4 are corresponding to their highest occupied molecular orbit (HOMO) levels. It was found that the HOMO levels of the dimeric sensitizers D-DTFPy3 and D-DTFPy4 are slightly higher than that of monomeric sensitizers DTFPy3 and DTFPy4. All of the HOMO levels of these four sensitizers are more positive than the iodide/triiodide couple (0.40 V vs. NHE), indicating a thermodynamically downhill regeneration of the photo oxidized sensitizers by accepting electrons from the surrounding I -ions. The lowest unoccupied molecular orbit (LUMO) levels of DTFPy3, DTFPy4, D-DTFPy3 and D-DTFPy4, calculated as Eox−E0-0, are sufficiently negative relative to the conduction-band edge of TiO2 (−0.5 V vs. NHE), ensuring an efficient excite electron injection driving force.
Theoretical calculations
In order to understand the photo-induced charge separation of DTFPy3, DTFPy4, D-DTFPy3 and D-DTFPy4, the time dependent density functional (TD-DFT) calculations were performed on electron-density distribution of the HOMOs and LUMOs of the four sensitizers. To facilitate the calculation, the hexyl chains were replaced by methyl groups. As shown in Fig. 2 , the HOMO electron density for the sensitizers is mainly located at the electron-donor part and the adjacent aromatic rings, while the electron density of LUMO is transferred to the pyridine acceptor unit. More obvious electron density separation going from DTFPy3 to DTFPy4 and D-DTFPy3 to D-DTFPy4 is observed, which explains the red-shifted absorption of DTFPy4 and D-DTFPy4 with the featured π-bridge arrangement. It demonstrates that the 4-pyridyl group is predominantly adsorbed onto the TiO2 through coordinate bond between the pyridyl group and the Lewis-acidic sites on the TiO2 surface. Therefore upon photo-excitation, the electron density is redistributed in the LUMO moving towards the pyridine moiety anchored on TiO2 and the π-bridge arrangement in DTFPy4 and D-DTFPy4 appears to be more desirable for the required charge separation in DSSCs.
Furthermore, the light harvesting efficiencies (LHEs) of the four sensitizers were calculated using the oscillator strengths obtained by the TD-DFT calculation. The sensitizers with high LHE generally ensure a better photocurrent response. From Table 1 , it is found that the LHE becomes greater with the increase of the light-harvesting units from DTFPy3 and DTFPy4 to D-DTFPy3 and D-DTFPy4, as reflected by the increase in LHE from 0.888 to 0.962. This finding clearly indicates that the dimeric sensitizers D-DTFPy4 afford the best LHE and highest Jsc. It is noted that the amount of the monomer-type sensitizers adsorbed on TiO2 is larger than that of the dimer-type sensitizers, but the Jsc for the four sensitizers decreases in the order D-DTFPy4>D-DTFPy3>DTFPy4>DTFPy3. This result may be rationalized by the following reasons: (1) the dye adsorption is directly related to the structure and the molecular size of the sensitizers. Monomeric sensitizers DTFPy3 or DTFPy4 exhibit higher loading on the TiO2 surface, because they have smaller sizes; (2) each monomeric molecule of DTFPy3 or DTFPy4 contains only one light-harvesting unit, while each dimeric molecule of D-DTFPy3 or D-DTFPy4 has doubled light-harvesting units adsorbed on TiO2, which determines the light-harvesting efficiency and η of the DSSC. Further study of the IPCE spectra confirmed the trend of Jsc. Compared to the cells based on DTFPy3 and DTFPy4 with a narrow and relatively low IPCE values, the cells based on D-DTFPy3 and D-DTFPy4 exhibit remarkably broadened and increased IPCE action spectra covering the visible region from 400 to 550 nm. The IPCE curve of D-DTFPy4 is slightly superior to that of D-DTFPy3 in magnitude with values over 80% in the region of 400-450 nm, which is much higher than that of DTFPy4 and DTFPy3 (~60%). The IPCE as a function of wavelength is directly related to the LHE, charge injection efficiency and charger collection efficiency. Considering the reducing amounts of adsorbed sensitizers from monomer-type sensitizers to dimer-type sensitizers as well as the same anchoring group for the 
Photovoltaic properties
Electrochemical impedance spectroscopy analysis
To further elucidate the photovoltaic results and display more dynamic information of the interfacial charge transfer process in DSSCs sensitized by DTFPy3, DTFPy4, D-DTFPy3 and D-DTFPy4, electrochemical impedance spectroscopy (EIS) was also performed in dark under a forward bias of 0.6 V with a frequency range of 0.1 Hz-100 kHz. In general, Rs, Rrec and RCE represent series resistance and charge transfer processes at the sensitizer/TiO2/electrolyte interface and counter electrode, respectively. Rs and RCE show almost the same values in all the DSSCs, due to their same electrode and electrolyte. Moreover, the Rrec corresponding to the larger semicircle is related to the charge recombination rate between the TiO2 film and the electrolyte. Generally, a larger Rrec value indicates a slower charge recombination, thus giving a higher Voc. The Nyquist plots for the DSSCs based on the sensitizers are displayed in Fig. 4 
CONCLUSIONS
In summary, two monobranched dithiafulvene based sensitizers using pyridine as acceptor (DTFPy3 and DTFPy4), and their corresponding dimeric congeners with two pinched D-π-A units (D-DTFPy3 and D-DTFPy4) were synthesized and tested in DSSCs. It was demonstrated that controlling the electron distribution in the π-bridges, such as arranging an electron rich thienyl group adjacent to the donor moiety and an electron poor phenyl group next to the acceptor moiety, could lead to red-shift of the absorption. Moreover, dimerization of the sensitizers with doubled light harvesting units could significantly enhance the absorption. As a result, D-DTFPy4, which features the dimeric D-π-A units with thienyl-phenyl π-bridges between dithiafulvene donors and pyridine acceptors, has achieved the highest power conversion efficiency at 5.26% under standard AM 1.5 solar condition, mainly due to the relatively high light harvesting efficiency. These findings may pave a new path for developing high-performance DSSCs based on pyridine containing sensitizers.
